ABSTRACT Bone is a dynamic tissue adapting to loading according to "Wolff's law of bone adaptation." During very early life, however, such a mechanism may not be adequate enough to adapt to the dramatic change in environmental challenges in precocial species. Their neonates are required to stand and walk within hours after birth, in contrast to altricial animals that have much more time to adapt from the intrauterine environment to the outside world. In this study, trabecular bone parameters of the talus and sagittal ridge of the tibia from stillborn but fullterm precocials (calves and foals) were analyzed by micro-CT imaging in order to identify possible anticipatory mechanisms to loading. Calculated average bone volume fraction in the Shetland pony (49-74%) was significantly higher compared to Warmblood foals (28-51%). Bovine trabecular bone was characterized by a low average bone volume fraction (22-28%), however, more directional anisotropy was found. It is concluded that anticipatory strategies in skeletal development exist in precocial species, which differ per species and are most likely related to anatomical differences in joint geometry and related loading patterns. The underlying regulatory mechanisms are still unknown, but they may be based on a genetic blueprint for the development of bone. More knowledge, both about a possible blueprint and its regulation, will be helpful in understanding developmental bone and joint diseases. J. 
INTRODUCTION
Loading of bone starts already during intrauterine skeletal development (Pitsillides, 2006; Rot et al., 2014) and continues during growth after birth and in all phases of life thereafter (Yokota et al., 2011; Dowthwaite et al., 2014; Torcasio et al., 2014) . According to "Wolff 's law of bone adaptation" (Wolff, 1892) , which forms the basis for the mechanostat theory, explaining the relationship between loading and bone remodeling (Frost, 2001) , bone mass will decrease when loaded below a certain threshold and increase in reaction to loading above this threshold, achieving an optimal form to withstand prevailing forces (Huiskes et al., 1987; Frost, 2001; MacLatchy and M€ uller, 2002; Christen et al., 2014) .
Eutherian mammals differ in the degree of development at birth. Precocials, such as foals and calves, are born relatively mature and are able to stand and walk within hours after birth. On the other hand, altricials, like dogs, produce offspring born in a relatively poor state of development. No sharp division can be made between altricial and precocial, as it is a gradient characteristic. Being precocial has major consequences for the bones of the axial and appendicular skeleton, as skeletal loading changes dramatically after birth. During gestation, limbs are folded and not weight bearing, limiting loading to forces generated by intrauterine muscle contractions. After birth limbs are extended, carry weight and in precocials are subjected to considerable forces generated by locomotion, only hours after leaving the uterine environment.
To withstand these forces, the ossification process has progressed much further in the precocial neonate, compared to altricial species. In new-born puppies, the ossification process of short bones starts around birth and most epiphyses are still completely cartilaginous (Evans, 1993) . Ossification has progressed much further in neonatal foals and calves, with only a small band of growth and articular cartilage still present at their epiphyses and short bones (K€ upfer and Schinz, 1923; Nickel et al., 2005; Fontaine et al., 2013) .
Most research on trabecular bone structure of neonates has been performed in long bones of altricial species, and it has been reported that bone volume fraction (BV/TV; BV5 bone volume, TV5 total volume) followed a U-shaped curve after birth. For example, in the human femur and tibia, average BV/TV at birth is about 50% and decreases to values around and sometimes even under 20% between 6 and 12 months of age. After this period, BV/TV increases again, to reach final values, similar to adult, at an age of 6 years (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009 ). In dogs BV/TV follows a comparable U-shaped curve, with lowest BV/TV values found at about 8 weeks after birth (Wolschrijn and Weijs, 2004) . As both in humans and in dogs lowest BV/TV values are reported around the onset of walking, the drop in BV/TV could be explained by mini-modeling, associated with the development of a more preferential orientation of trabeculae, due to the increasing demands of locomotion. During this process, trabeculae that are loaded under a certain threshold disappear and as a result of this, directional anisotropy (DA) increases (Tanck et al., 2001; Wolschrijn and Weijs, 2004) .
There is evidence that at least in a number of species, this process begins during gestation. Significant trabecular bone DA was shown at birth in the mule deer and ovine calcaneus (Skedros et al., 2004 (Skedros et al., , 2007 . Furthermore, a trabecular architecture fitting with loading during bipedal locomotion has been reported in human neonatal ilia (Cunningham and Black, 2009) . The observed DA of the pelvis is not likely to be the result of intrauterine strain-related adaptation, suggesting that at least parts of the skeleton are anticipating future loading, possibly based on a genetic blueprint (Cunningham and Black, 2009 ).
Bone strength is highly dependent on bone volume (Kabel et al., 1999; Borah et al., 2000; Ryan et al., 2010) and architecture (Ulrich et al., 1997; Mittra et al., 2005) . Besides having a further advanced ossification process and hence a higher bone volume, we hypothesized that in neonatal calves and foals trabecular bone microarchitecture already anticipates postnatal loading requirements and thus reflects future rather than past function. Since the Warmblood horse has increased considerably in height at withers over the past 50 years due to selective breeding (Ducro et al., 2009) , we also investigated Shetland ponies which have not been subject to strong selection pressure, to exclude possible artificial influences. To verify our hypothesis, microarchitecture of the distal tibia and the talus of stillborn but full-term calves, Shetland pony and Warmblood foals was analyzed and compared by means of micro-CT imaging. More insight into prenatal bone development and its underlying regulatory mechanisms may lead to a better understanding of bone growth and development. It might also provide clues for unraveling pathogenic mechanisms and even for the development of new therapeutic approaches for both developmental (joint) diseases and problems associated with aberrant endochondral ossification later in life, such as osteoarthritis (Staines et al., 2013) .
MATERIALS AND METHODS Animals
Because of ethical considerations no animals were euthanized for this study. Tarsal joints of full-term Holstein-Friesian (HF) calves (Bos Taurus, n 5 5), Dutch Warmblood foals (Equus ferus caballus, n 5 5), and Shetland ponies (Equus ferus caballus, n 5 3) were obtained with owners' consent from (para)clinical departments of the Faculty of Veterinary Medicine, Utrecht University, and from private veterinary practices. To exclude effects of postnatal loading, we collected only material from animals that were either stillborn or euthanized within 12 h after birth. Gestational time and cause of death were recorded, and animals were only included if the cause of death could be considered to have no effect on development. Except for two Dutch Warmblood foals, all animals died because of dystocia, caused by either an abnormal intrauterine position or a fetus that was too large. One Dutch Warmblood foal was euthanized because of a combination of a ruptured inguinal hernia and bladder rupture, the other because of an acute equine herpes virus, type 1 infection.
Sample Preparation
Tarsal joints were collected within 2 h after death and stored at 4, or 2188C, the latter when further processing would occur more than 12 h after collection. If necessary, the joints were thawed in running tap water before removing all soft tissue. Articular surfaces were macroscopically inspected, photographed, and fixated in 4% buffered formaldehyde for at least a week. In order to fit in the micro-CT sample holder (diameter 7.85 cm), the distal tibias were cut transversely through the distal metaphysis about 1 cm proximal to the distal physis. The Warmblood foals' tali were cut in longitudinal direction through the middle of the talar trochlea and the two parts were scanned separately.
Micro-CT
Micro-CT imaging was performed with a mCT 80 scanner (Scanco Medical AG). Bone samples were placed in the sample holder in a consistent manner and secured with synthetic foam. Scanning was performed in air at an isotropic spatial resolution of 37 mm, with a peak voltage of 70 kV and intensity (current) of 114 mA. To reduce beam hardening effects, the scanner was equipped with an aluminium filter.
Trabecular microarchitecture was quantitatively determined in volumes of interest (VOIs) that were manually drawn and included only trabecular bone. Blood vessels present in the bone structure were not included. The VOIs comprised areas where high postnatal loading was expected. For the distal tibiae these areas were similar for foals and calves. The tibial VOI contained the trabecular bone of the dorsal 25% of the sagittal ridge (Fig.  1A,B) . The average volume of this VOI was about 1,500 mm 3 (range 800-2,100 mm 3 ) for the calves, 1,250 mm 3 (900-2,000 mm 3 ) for the Warmblood foals, and 175 mm 3 (100-300 mm 3 ) for the Shetland foals. Species specific differences in anatomy led to the selection of different anatomical areas in the talus as "high postnatal loading" regions. As bovine tali exhibit a rather upright position, with little developed ridges, bovine talar VOIs comprised the distal part of the talus (caput tali), an area that is not supported by the os malleolare (Nickel et al., 2005) . The caput tali was further divided into a lateral part (average volume 1,700 mm 3 , 1,000-2,500 mm In the horse, the trochlear ridges are prominent and slanting and the caput tali is very small (Nickel et al., 2005) . Consequently, the load transmitted from the tibia has both a shear component and a component perpendicular to the ridges (Badoux, 1987) , justifying the selection of the trochlear ridges as areas where high postnatal loading is expected. The lateral talar VOI consisted of the distal part of the lateral ridge (Warmblood foals: average volume 1,100 mm ; Fig. 1D ). Both VOIs had a length of approximately 25% of the total length of the ridge and were limited by a virtual line following the deepest part of the talar trochlea.
Thresholding (i.e., distinguishing between bone and nonbone) was performed visually by comparing segmented images at different threshold levels with the original scans (representative examples of each can be seen in supporting information Figs. S1 and S2), choosing the best fit (Wolschrijn and Weijs, 2004) . This procedure led to a threshold of 145 per mille of the maximum possible voxel value, corresponding to 1,222 Hounsfield units and appeared to be identical in all animals studied. This threshold is less than commonly used for trabecular bone in full-grown animals, because the bone tissue in neonatal animals is not fully mineralized and may contain cartilaginous fragments. Quantitative trabecular parameters were calculated from these segmented images with the manufacturer's software. Bone volume was calculated as the number of bone voxels divided by the total number of voxels in the VOI after segmentation. Structural parameters included trabecular number (Tb.N.), trabecular thickness (Tb.Th.), and trabecular separation (Tb.Sp.) and were calculated using a distance transformation method. The DA was based on the Mean Intercept Length fabric tensor and defined as the largest principal fabric value over the smallest one.
Statistical Analyses
Statistical analyses were performed using SPSS Statistics 22 (IBM Corporation). A paired Student's t-test showed no significant differences between left and right limb results for all parameters, justifying the calculation of one average value for each parameter and region studied in each animal. Trabecular parameters were log-transformed to meet normality and homoscedasticity assumptions. A linear mixed effect model, with "animal ID" added as random intercept to account for correlation between observations in the same animal, was used to check for significant differences in homologous bone regions between animal species and compare trabecular bone parameters of the lateral talar VOI with the medial talar VOI within the foals and calves. Statistical significance was set at P 0.05 and correction for multiple comparisons was done with the False Discovery Rate method of Benjamini and Hochberg (1995) . Figure 2 . An average bone volume fraction (BV/TV) of up to 74% was found in the dorsal part of the sagittal ridge of the tibia in Shetland pony foals, whereas in Warmblood foals this was 51% and in calves 28% (Fig. 2A) . The BV/TV in the lateral VOI of the talus was in the same range as in the tibia, whereas the medial VOI showed much lower values: 49% and 28% for Shetland pony and Warmblood foals, respectively, and 22% for calves. All differences in BV/TV were statistically significant.
RESULTS

Trabecular bone parameters for the VOIs are given in
Significantly lower trabecular numbers were found in the tibial and lateral talar VOI in calves compared to foals, whereas in the medial VOI of the talus no significant differences between the species were found (Fig. 2B) . In the Shetland pony foals, trabecular thickness was between 0.20 and 0.24 mm, which was significantly larger than in Warmblood foals (0.13-0.20 mm) and calves (0.13-0.14 mm) for all VOIs. Between Warmbloods and calves, differences were only significant in the tibia (Fig. 2C) .
The highest trabecular separation values were found in the calves and differences were significantly higher compared to the foals in both the tibial and lateral talar VOIs (Fig. 2D) . In the medial talar VOI, no significant differences were found. Only in the tibial VOI differences found between Warmblood and Shetland foals were significant.
The highest DA values were found in the lateral VOI of the talus of calves and were significantly different from the foals (Fig. 2E) . In the tibia and medial talar VOIs, lower and not significantly different DA values were found.
When comparing trabecular architecture found in the medial talar VOI with the lateral talar VOI of the same species, BV/TV was significantly higher in the lateral talar VOI of both foals and calves. In foals, Tb.N. and Tb.Th were significantly higher, whereas Tb.Sp. was significantly lower in the lateral VOI. No difference in DA was found in the foals, whereas calves showed significantly higher DA in the lateral compared to the medial VOI of the talus.
Supporting information Figure S1 shows twodimensional, unsegmented micro-CT transections of the left distal tibia and talus of a calf (A-C), Shetland pony foal (D-F), and Warmblood foal (G-I) showing the differences in anatomy between the animals studied. Supporting information Figure S2 contains transections of the segmented three-dimensional reconstructions of representative examples of all studied VOIs, visualizing and illustrating the described differences in trabecular bone architecture.
DISCUSSION
In order to identify possible anticipatory strategies in bone development, this study compared trabecular bone architecture at birth in the distal tibia (epiphysis of a long bone) and talus (short bone) of precocials. As it is difficult to obtain still born animals meeting the inclusion criteria, the number of animals in this study was relatively small. Nonetheless, we were able to show that foals and calves appear to have different strategies for reinforcement in the talus. In foals BV/TV is higher, whereas in calves a less dense but more anisotropic architecture is present. The DA in the calf is along a proximo-distal line through the talus, matching postnatal loading during standing and walking. As the limbs of foals and calves cannot be extended during the last part of gestation, it is tempting to hypothesize that the observed DA in the calf is not a result of the common mechanostat principle of bone development and loading (Frost and Jee, 1994; Tanck et al., 2001 ), but presents evidence for the existence of an anticipatory mechanism in trabecular bone growth, as has been suggested previously (Skedros et al., 2007; Cunningham and Black, 2009) .
If trabecular bone in precocial neonates is indeed anticipating loading, its architecture must reflect future (postnatal) instead of past (prenatal) loading. To identify these anticipatory strategies, it is important to study areas in which significant postnatal loading is expected. In the talus noticeable anatomical differences are present, affecting the loading of this bone. In ruminants the talus is more rectangular, the trochlear ridges are aligned in the sagittal plane but are less developed; in the horse the trochlear ridges are prominent and slanting. In addition, the bovine talus is stabilized on the lateral side by the os malleolare and lateral parts of the calcaneus, whereas the equine talus is stabilized by the tight interlocking of the talar ridges in the tibial cochlea (Nickel et al., 2005) . These anatomical differences have biomechanical consequences with the ruminant talus mainly perpendicularly loaded and hence experiencing compression, whereas the equine talus experiences both shear and compressive forces (Badoux, 1987) .
The "volumes of interest" used in this study were chosen based on the expected loading condition immediately after birth. Defining and comparing bone regions in different species is difficult due to the species specific differences in anatomy and associated loading, which could be considered a limitation of this study. We studied the caput tali of the bovine samples as we expected to find most prominent anticipatory behavior in this region. We divided the caput tali into a lateral and medial part as it is reported that maximum pressure is found under the dorsolateral part of the hind claws in adult cattle (van der Tol et al., 2002) . Loading of the equine tibia leads to tensile strain on the lateral part and compression on the medial part of the talus (Schneider et al., 1982) . Strain is reported to be highest on the dorsal and lateral parts of the equine tarsal joint (Schamhardt et al., 1989; Murray et al., 2004) . Accordingly, subchondral bone thickness of the os tarsi centale, positioned under the talus, was reported to be greatest on the dorsal and lateral aspects. This suggests that compressive loading is transferred from medial to lateral through the talus (Branch et al., 2005) , justifying our choice for the mid region of the medial and distal part of the lateral trochlear ridges as VOI.
Average birthweight of HF calves is about 45 kg, but can easily be in excess of 60 kg (Linden et al., 2009 ). The calves included in this study were all above average in size and bodyweight. Warmblood foals weigh about 55-60 kg at birth (van Weeren et al., 1999; Hendriks et al., 2009) . Scientific information regarding the birthweight of Shetland pony foals is difficult to obtain and limited to a paper from the 1930s, mentioning birthweights of about 20 kg (Walton and Hammond, 1938) . The bodyweight of the dams from this study are still representative for the standard sized Shetland pony nowadays, making this estimation still useful. As Shetland pony foals are much smaller at birth, VOI sizes were proportionally scaled to the size of the foal to prevent oversampling or analyzing areas not homologous in function with the Warmblood horse (Fajardo and M€ uller, 2001; Lazenby et al., 2011) .
Bone volume fraction is a good indicator of bone strength (Kabel et al., 1999; Borah et al., 2000; Ryan et al., 2010) and it has been shown in interspecies comparisons (mainly from adult animals), that this parameter is independent of body weight (Doube et al., 2011; Barak et al., 2013; Christen et al., 2015) enabling comparison of differently sized animals. Bone volume fractions found in (Warmblood) foals were the highest, while BV/TV in the calves was much lower, although both species are comparable in birth weight and postnatal behavior. However, in the foal's talus, loading is multidirectional, as explained above, which may explain lower DA and higher BV/ TV compared to the calves. Both in the calves and foals, highest BV/TV, and/or DA was observed in the lateral part, which is in line with the load distribution in the postnatal animal, providing further evidence for the anticipatory development of bone.
The BV/TV fraction in the Shetland pony was higher than in the Warmbloods. A similar result has been reported for the carpal bones, in which relative bone density was higher in ponies compared to thoroughbreds (Abdunnabi et al., 2012) . This observation may be somewhat unexpected at first site, given the fact that, at least in adults, BV/TV is independent of body mass (Barak et al., 2013) , but can most likely be attributed to differences in growth rate. High rates of bone growth are associated with less dense bone (Martin and Burr, 1989; Leterrier and Nys, 1992; Williams et al., 2004; Prisby et al., 2014) and growth rate in pony breeds is much lower than in horse breeds.
Other variables measured and statistically compared between groups in this study (Tb.N., Tb.Th., and Tb.Sp.) scale with negative allometry with body mass (Doube et al., 2011; Ryan and Shaw, 2013; Christen et al., 2015) . Besides differences in loading described above, the lower Tb.N found in calves compared to Warmblood foals could in part be explained by their lower birth weight. However, Shetland pony foals showed the highest Tb.N. whereas their birth weight is the lowest. Just as for the BV/TV this could be caused by differences in growth rate. Furthermore, it must be emphasized that scaling factors are based on studies performed in (more) mature subjects and information about neonatal bone is lacking in literature.
In the physes of long bones, very young, newly formed bone, is reported to be anisotropic as its structure reflects the parallel columnar organization of the endochondral ossification process (Lai and Mitchell, 2005; Gosman and Ketcham, 2009 ). In foals ossification of the talus starts at 8 months of gestation and progresses distally and radially away from the center (Fontaine et al., 2013) ; for the calf this moment has not been determined yet, but it seems reasonable to assume that in this species ossification of the talus also starts in the last trimester of gestation. Therefore, it is plausible to assume that the DA observed in this study, which does not resemble the original organization, is not a primary feature of newly formed bone, but is the result of mini-modeling.
Our results, combined with previous work (Cunningham and Black, 2009; Skedros et al., 2004 Skedros et al., , 2007 show that bone (mini-)modeling can occur unrelated to loading during "special occasions," like prenatal development. Hibernation is another of such occasion as bears keep bone formation and resorption well-balanced during the hibernation period, whereas disuse would normally lead to bone resorption and osteoporosis. Through this mechanism bears preserve their bone strength to prevent problems when waking up and becoming mobile again (McGee-Lawrence et al., 2009 . This situation is comparable with that of precocial animals after birth, as in both cases the skeleton must be prepared for a sudden increase in loading and this strategy saves valuable energy.
Although our data confirm anticipatory development of trabecular bone architecture to postnatal loading, which could be the result of a genetic blueprint as proposed by others (Cunningham and Black, 2009) , convincing explanations for the observed differences between foals and calves are still lacking. Besides species-specific anatomy and related loading patterns, the availability of calcium could also play a role. From the literature, it is known that at equal levels of intake, horses absorb more dietary calcium from their intestine than ruminants (Schryver et al., 1983) , which may help in increasing bone volume. Furthermore, gestational length in horses (11 months) is longer than in cows (9 months), giving them more time to increase their bone volume.
CONCLUSION
The results of this study illustrate that bone is a highly efficient tissue that is able to anticipate postnatal loading on a very local scale. On the level of trabecular bone, different strategies in anticipatory bone development seem to be present in the talus of calves and foals, which is likely related to anatomical differences in joint geometry and related loading patterns.
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